We consider the version of the Zee model where both Higgs doublets couple to leptons. Within this framework we study charged Higgs decays. We focus on a model with minimal number of parameters consistent with experimental neutrino data. Using constraints from neutrino physics we (i) discuss the reconstruction of the parameter space of the model using the leptonic decay patterns of both of the two charged Higgses, h 
neutrino physics we (i) discuss the reconstruction of the parameter space of the model using the leptonic decay patterns of both of the two charged Higgses, h 
Introduction
Neutrino oscillation experiments, including the results of KamLAND [1] have confirmed the LMA-MSW oscillation solution of the solar neutrino problem. Together with the earlier discoveries in atmospheric neutrinos [2] , one can be fairly confident that all neutrino flavours mix and that at least two non-zero neutrino masses exist.
In the standard model neutrinos are massless. Among all the existing models to generate small neutrino Majorana masses the seesaw mechanism [3] is perhaps the most popular. However, this is not the only theoretical approach to neutrino masses. Other possibilities include Higgs triplets [4] , supersymmetric models with broken R-parity [5, 6] , some hybrid mechanisms that combine the triplet and the R-parity ideas [7] and radiative mechanisms [8, 9] .
Here we consider a particular radiative mechanism, the Zee model [8] . In this model the scalar sector of the standard model is enlarged to include a charged SU(2) gauge singlet scalar and a second Higgs doublet. This particle content allows to write an explicit lepton number (L) violating term in the scalar potential and leads to neutrino masses at one loop order. In the Minimal Zee Model (MZM), only one Higgs doublet couples to leptons [10] . As a result, dangerous Flavour Changing Neutral Current (FCNC) processes are forbidden. It has been shown [11] that combining SNO, KamLAND and K2K experimental data this version is ruled out.
However, this does not mean that the Zee model is ruled out. The original version, from now on called the General Zee Model (GZM) [12] , in which both of the two Higgs doublets couple to the matter fields has been shown [11, 12, 13 ] to be consistent with atmospheric and solar neutrino data as well [14] .
Once one allows both of the Higgs doublets to couple to leptons the number of model parameters increases. Here instead of working with all the couplings of the model we will consider a scheme, previously discussed in references [12, 13] , where the neutrino mass matrix has a two-zero-texture. This particular GZM will be called Next to MZM (NMZM).
In the Higgs sector, after spontaneous breaking of the electroweak symmetry, the charged gauge singlet mixes with the charged components of the two Higgs doublets. The resulting charged Higgs eigenstates (h ± i with i = 1, 2) decay to states with charged leptons and neutrinos. These decays can be used, in principle, to reconstruct the Majorana neutrino mass matrix.
We will show that due to the constraints imposed by neutrino physics, the Br(h + 1 → i ν i µ + ) is enhanced in comparision to the two-Higgs doublet models (2HDM) of type-I and type-II 1 . Moreover, we will show that in large parts of the parameter space Br(h
For details see section 6.
The rest of this paper is organized as follows. In section 2 we give the generalities of the GZM and work out the Higgs mass spectrum of the model. In section 3 we study charged Higgs production at a future e + e − collider. In section 4 we discuss the bounds on the parameters of the model coming from FCNC processes constraints. In section 5 we describe the Majorana neutrino mass matrix within the GZM and in the NMZM. In section 6 we discuss the connection between neutrino physics and charged Higgs decays. In section 7 we present our conclusions and summarize our results.
The Model

Generalities
If no new fermions are added to the standard model neutrino masses must be always of Majorana type, i.e. the mass term must violate L. In the Zee model an L = 2 charged scalar, h + , is introduced. Since this field carries electric charge its vacumm expectation value (vev) must vanish. Therefore in this model L cannot be spontaneously broken. However, h + can be used to drive the lepton number breaking from the leptonic sector to the scalar sector. In order to accomplish this a new SU(2) L doublet has to be added, as a result an explicit L violation term can be written. This term is given by
where µ is a coupling with dimension of mass and H 1 and H 2 are doublets with hypercharge
The most general Yukawa couplings of the model can be written as
where L i are lepton doublets, e Rj are lepton singlets, C is the charge conjugation operator, Π a (a = 1, 2) and f are 3 × 3 matrices in flavour space, ǫ αβ (α, β = 1, 2) is the SU(2) L antisymmetric tensor and i, j = 1, 2, 3 are family indices. f is an antisymmetric matrix due to Fermi statistics.
In general both of the two Higgs doublets can acquire vev's, H a = v a , with v = v In the Higgs basis the squared-masses for the CP-odd and CP-even Higgs states are given by [16] 
3 Charged Scalar Phenomenology
Cross section
In the following we discuss charged scalar h ± k (k = 1, 2) production at a future e + e − collider. h ± k are produced in e + e − annihilation via s-channel exchange of a γ or Z 0 2 . The total cross section for the process e + e − → h
will be the sum of three terms σ total = σ γ + σ Z + σ γZ (13) corresponding to the pure photon, pure Z and photon-Z interference contributions respectively. Thus
where s w = sin θ w , c w = cos θ w ,
and W 11 = W 22 = cos ϕ and W 12 = −W 21 = sin ϕ. From Eqs. (8), (11) and (12) it can be noted that fixing M 1,2 does not fix M H 0 ,h 0 and M A 0 . Therefore, it is possible to take M 1,2 and W 1k as free parameters without being in conflict with LEP bounds for the CP-even and CP-odd Higgs masses [17, 18, 19] .
In Fig. 1 we show the cross section at an 1 TeV e + e − collider with unpolarized beams. There we have taken 80 Gev ≤ M k ≤ 500 GeV. The spread in the plot is due to the dependence of the cross sections on ϕ. It is important to notice that for small (large) values of ϕ the cross section for h In Fig. 1 it can be seen that up to a mass of ∼ 350 GeV the charged scalars have a cross section larger than 10 fb. Assuming an integrated luminosity of 1 ab −1 this implies that at least 10 4 charged scalar pairs will be produced.
Decay Widths
After the spontaneous electroweak symmetry breaking charged leptons acquire mass, namely
In the mass eigenstate basis for the charged scalars we have
where, in general, the couplings O ij are given by
Charged scalars h 
Here q refers to up-type and down-type quarks, M q are the diagonal quark mass matrices, and Π 
The couplings h 
Constraints from FCNC processes
In the GZM FCNC interactions are induced by the charged and neutral Higgses. Bounds on the O ji O km couplings can be obtained from the nonobservation of tree-level processes ℓ charged scalars 3 . An important remark is that once the constraints on the f ik f kj and O ki O kj couplings are satisfied the limits on O ki f kj are no longer important, for this reason we do not list them. Table 1 shows the constraints coming from the processes mediated by neutral scalars. Table 2 summarize the limits on the f ij parameters. Experimental constraints used in both tables were taken from [21] 5 Neutrino Physics
Neutrino Mass Matrix in the GZM
In this section we will discuss the neutrino mass matrix. The Majorana neutrino mass matrix in the Zee model arises at the one loop level through the exchange of the scalars h where
Neutrino Mass Matrix in the NMZM
In this section we discuss the neutrino mass matrix in the context of the NMZM. In our scheme the neutrino mass matrix is assumed to be
The neutrino mass matrix, can be diagonalized by a matrix U, which can be parametrized as
where s ij = sin θ ij and c ij = cos θ ij . Phases are zero since only real parameters are considered. From
and taking the limit sin 2 θ 13 = 0, since experimental neutrino data require sin 2 θ 13 to be small [14] , we can find approximate analytical expressions for the atmospheric and solar mixing angle as well as for ∆m Due to our two-zero-texture mass matrix (Eq. (25)) we have an inverted hierarchy neutrino mass spectrum [22] and therefore M ee ≃ M µτ . Thus the neutrino mass matrix, Eq. (25), has only three independent entries which, from Eqs. (28), can be written in terms of tan 2 θ 23 , tan 2θ 12 and ∆m 2 23 , namely
κ tan 2θ 12 ,
Assuming that there are no large hierarchies among the couplings O i1 and O ij , terms proportional to m e , in the neutrino mass matrix, (see Eq. (23)) can be neglected. Thus we obtain Eq. (25) with O 23 = O 32 = 0. Under this constraint the mass matrix depends on κ and on the seven parameters
as can be seen from Eqs. (23) and (25) . By using equations in (29) we can write four of these parameters in terms of the other three. Equations (56), (57), (58) (57), (58) and (59) can be expressed in terms of a single parameter. We will call these cases the one-parameter solutions. Since O 33 cannot be zero (see Eq. (57)) we will parametrize all our one-parameter solutions in terms of this coupling. This leaves us with only four possibilities: O 12 = 0, O 13 = 0, f 12 = 0, f 13 = 0 and the remaining parameters in Eq. (30) different from zero in each case. We will show below that the first two lead to solutions with large O 33 , while the last two lead to solutions with small O 33 .
The one-parameter region
The main point here is that in these two cases (small and large O 33 ) not only neutrino physics but the decay patterns of h ± 1 are governed by a single parameter. This allows an analytical approach to the problem of identifying a particular collider signature that allows to distinguish between different regions in parameter space. In the following we will discuss the four possibilities mentioned previously and we will estimate the values of the parameters, consistent with neutrino physics as well as with FCNC constraints, in each case. This discussion will be useful in our analysis of the decays of h + 1 presented in section 6.2. κ O 33 ,
κ O 33 ,
The last values in each equation are obtained using the best fit point value for each neutrino observable. An upper bound for κ can be estimated using the fact that
Therefore for M 2 < 1000 GeV and |µ| < 500 GeV [23] , we have that |κ| 10 −2 . For example for M 1 = 200 GeV, M 2 = 300 GeV, and µ = 100 GeV, we have sin 2ϕ = 0.7 and κ = 3.6 × 10 −3 .
On the other hand, from the expression for f 12 In both cases (f 12 = 0 or f 13 = 0) we can have all the five parameters of order of 10 −4 without any hierarchy among them. In fact, the case f 12 = 0, considered here, is a particular case of the one studied in reference [11] in which all the parameters O ij and f ij are of the same order of magnitude. From Tables 1 and 2 Table 3 shows the allowed range of variation for O 33 , κ and µ in each case.
Neutrino and Collider Physics 6.1 Determination of the Neutrino Mass Matrix Parameters
In this section we discuss how the charged scalar decays can give some hints about the parameters that determine neutrino masses and mixing angles. Charged Higgs decays are governed by the same parameters that control neutrino physics so, in principle, the information coming from these decays can be used to reconstruct the neutrino mass matrix. Outside of the oneparameter regions analysed in section 5 the number of parameters is large and since neutrino flavour cannot be determined the mass matrix cannot be, in general, reconstructed. Despite this, in the limiting case of small mixing (ϕ ≪ 1), the fact that the the mainly doublet state decays are dictated by the O ij and the mainly singlet state decays are controlled by the f ij leads to a situation in which the reconstruction of part of the parameter space of the model is possible. The charged scalar singlet h + does not couples to quarks. Thus experimentally the mainly singlet state can be differentiated from the mainly doublet state by the fact that the branching ratio to final states with quarks (ū i d j ) must be smaller for the former than for the latter. Our main assumption here is that all the decays that we are going to consider have a branching ratio in the order of at least per-mille.
In the following discussion we will use the notation h 
and for h
Corrections to both ratios are ∝ ϕ 2 ≪ 1. The interesting point here is that despite the large number of parameters the relative size of the f ij couplings can be obtained by suitable combinations of ratios of branching ratios, for example Br 
with Br
For the O ij the situation is more complicated but even in this case some information can be obtained from the ratios of branching ratios. For example, the relation
(44) allows to determine the relative importance of the couplings involved in these decays. Figure 3 shows the ratios of branching ratios described above. Any deviation from the small mixing assumption would lead to a large dispersion.
There are two limit cases of particular interest where the decays of h
are correlated with the neutrino mixing angles, Figure 4 shows both cases. In the left plot the variables y 1 and x 1 are given by In the right one the variables y 2 and x 2 are defined as
Another important decay, if kinematically allowed, that could be used to obtain information about µ is h
The decay rate for this process reads
and
where α is the mixing angle that define the two CP-even Higgs mass eigenstates, h 0 and H 0 . Figure 5 shows the decay rate Γ(h 10 
Hierarchy of charged Higgs leptonic decays
In this section we will show that in the NMZM, the decay process h
+ is enhanced in comparision to the 2HDM of type-I and type-II. Moreover, it is shown that in large parts of the parameter space, h
+ can be the dominant leptonic decay. In the one-parameter solutions, described in sec. 5, the parameters O 12 , O 13 , f 12 , f 13 and f 23 are governed by the parameter O 33 . In this way the Br(h
In order to find expressions with no dependence on κ or O 33 and correlated with neutrino physics observables (tan 2θ 12 , tan θ 23 ) we consider ratios of branching ratios in the limits O ij ≫ f ij Figure 6 :
as a function of O 33 for 3 × 10 −6 < κ < 10 −2 obtained with 0.2 < µ < 500 GeV, M 1 = 200 GeV and M 2 = 500 GeV. All the parameters f ij and O ij satisfy the bounds shown in Tables 1 and 2 . For all the dark gray (green) points O 12 < 10 −6 . See text and O ij ≪ f ij , namely
Clearly from Eqs. (31) or (37), Eq. (51) depend only on the neutrino mixing angles and charged lepton masses. We will call the regions of parameter space with either O ij or f ij dominance correlation regions. Ratio of branching ratios in these regions are κ independent (or µ independent). In general, outside the correlation regions, the independence on µ approximately holds, but there is a dependence on M 2 . Fig. 6 shows the ratio Br(h
as function of O 33 . For all curves, we have used the best fit point values for ∆m 2 23 , and the solar and atmospheric mixing angles. We have taken also 3 × 10 −6 < κ < 10 −2 obtained when 0. In the large O 33 case described by Eq. (31), the correlation region for f ij ≫ O ij is excluded because the parameters f ij are above the values consistent with FCNC constraints (see Tables 1 and 2 ). For the other correlation region, for which O ij ≫ f ij , we have
As shown by the solid line at the right of Fig. 6 , the contribution of f ij can increase the ratio of branchings ratios up to a factor of 10 7 . In this way the decay h In the small O 33 case with f 13 = 0, we have 
As shown in the left part of Fig. 6 , in this case the ratio of branching ratios is larger than one, and therefore an inverted hierarchy for the leptonic decays of the lightest charged Higgs is obtained. In this way, in the small O 33 case, the most important leptonic decay channel for the charged Higgs h Fig. 7 shows the correlation region for O ij ≫ f ij in the small O 33 case. The curves correspond to the ratio Br(h Figure 7 : 2 , as a function of the atmospheric mixing angle, as expected from Eq. (53) for the best fit point value of tan 2θ 12 (solid line) and its 3σ limits (dashed lines). The parameters are fixed as in Fig. 6 and the spread of the points can be understood from the uncertainty in the solar mixing angle. In this region the charged Higss decay rate Γ(h + → ( i ν i )µ + ) can be larger than decay rate Γ(h + → ( i ν i )τ + ) up to a factor of (m τ /m µ ) 2 = 280.
From Fig. 6 it can be seen that the large O 33 region is divided in three subregions, region I where 10
2 and region III characterised by 10
4 . Measurements of the ratio Br(h
+ ) are sufficient to decide whether region I or III are realized. In region III there is an ambiguity that cannot be removed by measurements of the ratio Br(h
However, in the small mixing limit the ambiguity can be removed. Recalling that in the small O 33 region f 12 = 0 or f 13 = 0 one should expect, if this region is realized, 
Any deviation from these relations would exclude this region and in addition with a measurement of the type 1
2 will indicate that region II is realized. Figure 8 : The curves in Fig. 6 are basically independent of the value of µ. However, along each curve, smaller values of O 33 are excluded as µ decreases. On the other hand they depend on the specific value of M 1 and M 2 . In fact, as the mixing angle sin 2ϕ increases the curves are shifted to the right. This is illustrated in Fig. 8 for the small O 33 case with f 12 = 0. All the remaining parameters are chosen as in Fig. 6 . In particular the dotted line is the same as the one in Fig. 6 .
In summary for the one parameter-solutions we have
We have checked that this result holds for all the parameter space of the NMZM. In particular for O 33 sufficiently small the charged Higgs decay rate Γ(h
Conclusions
We have considered the version of the Zee model where both Higgs doublets couple to leptons. Instead of working with all the parameters we have focused on a model with minimal number of couplings consistent with neutrino physics data. We have shown that in the small mixing limit (ϕ ≪ 1) certain ratios of branching ratios can be used to obtain information about the parameters of the model. At future colliders the decay channel ντ + is very important for the discovery of charged Higgs bosons [24, 25] . For the LHC and SUSY like 2HDM, it has been claimed that the existence of a relatively heavy charged Higgs bosons, of mass up to 1 TeV, can be probed using the signal h + 1 → ντ + [24] . At future linear colliders a single produced charged Higgs should be associated with the tau and the neutrino coming from the virtual charged Higgs decay [25] . According to our results, and illustrated by Fig. 6 , the charged Higgs could emerge from a signal with ν i µ + instead of ν i τ + . Moreover, for a light charged scalar (M 1 < m t ) the ratio of branching ratios, Br(h 
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